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Background: The secretory activity of Sertoli cells (SC) is dependent on ion channel functions and protein synthe-
sis and is critical to ongoing spermatogenesis. The aim of this study was to investigate the mechanism of action
associated with a non-metabolizable amino acid [14C]-MeAIB (α-(methyl-amino)isobutyric acid) accumulation
stimulated by T4 and the role of the integrin receptor in this event, and also to clarify whether the T4 effect on
MeAIB accumulation and on Ca2+ inﬂux culminates in cell secretion.
Methods:We have studied the rapid and plasma membrane initiated effects of T4 by using 45Ca2+ uptake and
[45C]-MeAIB accumulation assays, respectively. Thymidine incorporation into DNA was used to monitor nuclear
activity and quinacrine to analyze the secretory activity on SC.
Results: The stimulation ofMeAIB accumulation by T4 appears to bemediated by the integrin receptor in the plas-
ma membrane since tetrac and RGD peptide were able to nullify the effect of this hormone. In addition, T4 in-
creases extracellular Ca2+ uptake and Ca2+ from intracellular stocks to enhance nuclear activity, but this
genomic action seems not to inﬂuence SC secretion mediated by T4. Also, the cytoskeleton and ClC-3 chloride
channel contribute to the membrane-associated responses of SC.
Conclusions: T4 integrin receptor activation ultimately determines the plasma membrane responses on amino
acid transport in SC, but it is not involved in calcium inﬂux, cell secretion or the nuclear effect of the hormone.
General signiﬁcance: The integrin receptor activation by T4 may take a role in plasma membrane processes in-
volved in the male reproductive system.© 2013 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Thyroid hormones (TH) exert a broad range of effects on cell develop-
ment, growth, differentiation andmetabolism, but not all of these actions
are related to nuclear transcription [1]. The pro-hormone thyroxine,
3,5,3′,5′-L-tetraiodothyronine (T4), is synthesized only by the thyroid
gland whereas 3,5,3′-L-triiodothyronine (T3) and 3,3′,5′-triiodothyronine
(rT3) are produced by both the thyroid and by deiodination of T4 at
extrathyroidal sites. The circulating T3 is generated by pre-receptor ligand
metabolism resulting from the activity of the iodothyronine deiodinase
enzymes D1 and D2, which convert T4 to T3, via 5′ monodeiodination.etraiodothyronine; T3, 3,5,3′-L-
etraiodothyroacetic acid; RGD,
toli cells
, Centro de Ciências Biológicas,
, CEP: 88040–970 - Florianópolis,
).
 OA license.Diiodothyronine, or T2, can exist in three forms and oxidative deamina-
tion and decarboxylation of T4 result in the formation of
tetraiodothyroacetic acid (tetrac). Triiodothyroacetic acid (triac) can
be formed from T3 in a similar way to tetrac [2,3].
In the testis, Sertoli cells (SC) and the specialized junctions between
them and the neighboring germ cells create a sophisticated microenvi-
ronment providing all the nutrients and growth factors required for
the full development of spermatogenetic cells, and the mechanisms
that regulate SC metabolism are central to the maintenance of sper-
matogenesis and male fertility [4,5]. SC is the major source of lactate
in the testis, and produces this metabolite primarily from glucose. Lac-
tate is the preferred energy substrate for spermatocytes and spermatids
[6,7], leading to the conclusion that changes in carbohydrate metabo-
lism of SC may result in a compromised spermatogenesis. Furthermore,
acetate and acetate metabolism have a probable role in producing
sub-products essential to maintain a high rate of lipids synthesis in the
developing germ cells [8]. Additionally, Alves et al. [8] showed that ace-
tate metabolism is under 5α-dihydrotestosterone and 17β-estradiol
regulation and insulin-deprivation dramatically changes human SCme-
tabolism by completely suppressing acetate production and exports (for
review see [9]). Although the action of TH on Sertoli cells and the role of
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cells be well described, themechanism of action of thyroxine in the tes-
tis is not completely understood [10,11].
Several reports have discussed about genomic and nongenomic sig-
nal transducing triggered by TH in the testis [11,12]. Particularly in the
testis, our group has showed nongenomic effect of TH using different
protocols [13–16] but the site of action to thyroxine at plasma mem-
brane needs to be elucidated.
TH receptors are highly expressed in neonatal Sertoli cells, indicat-
ing that the developing of these cells and testis may be important TH
targets. Biochemical effects of TH demonstrate that the SC is the main
direct target in the testis for TH, and that the prepuberal period is the
temporal frame for its action [17,18]. Although the action of TH on SC
function has received much attention since the ﬁnding of functional T3
receptors in immature rat testis, being almost exclusively located in
SC [17,19], the precise function of TH in the testis is unsatisfactorily
deﬁned.
The actions of TH in target tissues are predominantly mediated by
speciﬁc nuclear receptors capable of binding to regulatory regions of tar-
get genes and modifying their expression [20]. Nongenomic actions of
TH are widely acknowledged but the speciﬁc cellular target is quite difﬁ-
cult to characterize since it can be initiated in the plasmamembrane, cy-
toplasm, cytoskeleton or sub-cellular organelles [10,21,22]. Nongenomic
responses do not require the production of new protein(s), occur in the
extranuclear milieu of the cell and can culminate in the regulation of
genes that do not contain a TH response-element [21,23]. These actions
are regulated by speciﬁc agonists and antagonists, have a short latency
and are not affected by transcription and translation inhibitors.
In particular, in the case of T4, two reports from our group show that
the stimulatory effect of T4 on amino acid accumulation (a speciﬁc plasma
membrane transport system), is independent of active protein synthesis.
Moreover, it was demonstrated that the immediate hyperpolarizing ef-
fect of T4 on SC is inﬂuenced by Ca2+-activated K+ channels [11]. Follow-
ing these ﬁndings, Menegaz et al. [16] demonstrated that the stimulatory
effects of T4 onCa2+uptake and on amino acid accumulation, both events
initiated in the plasma membrane which strongly characterizes a
nongenomic effect, are mediated by T4 interaction with the SC plasma
membrane and the opening of ATP-dependent K+, Ca2+-dependent K+
and Cl− channels hyperpolarizing the cells. This hyperpolarization in-
duces the opening of voltage-dependent Ca2+ channels, Ca2+ inﬂuxes
and “depolarization” which trigger Na+-amino acid co-transport. The
local Ca2+ transient activates protein kinase C (PKC) that may regulate
plasma membrane ionic channel activities and/or promote intracellular
“cross-talk” to ultimately modulate gene transcription or keep the ongo-
ing secretory activity. Based on the possibility that integrinαvβ3mediates
TH to induce angiogenesis [24], the current experiments were designed
to investigate the hypothesis that T4 interacts with the integrin receptor
to mediate rapid responses in SC.2. Materials and methods
2.1. Materials
L-thyroxine (T4), 3,5,3′-triiodo-L-thyronine (T3), 3,3′,5′-triiodothyro-
nine (reverse T3, rT3), tetraiodothyroacetic acid (tetrac), Arg-Gly-Asp
(RGD), ethyleneglycol-O-OV-bis(2-aminoethyl)- NV,N,NV,NV-tetraacetic
acid (EGTA), 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid
tetrakis (acetoxymethyl ester) (BAPTA-AM) 4, 4′-diisothiocyanatostil-
bene-2,2′-disulfonic acid (DIDS), verapamil, colchicine and quinacrine
were purchased from Sigma Aldrich Chemical Company, St. Louis, MO,
USA. α-[1-14C] methylaminoisobutyric acid ([14C] MeAIB) (sp.act.
1.85 GBq/mmol), thymidine [methyl-14C] (sp. act. 1.7464 GBq/mmol),
[45Ca]CaCl2 (sp. act. 321 KBq/mg Ca2+), and Optiphase Hisafe III biode-
gradable liquid scintillation ﬂuid were purchased from PerkinElmer
(Boston, USA). All other chemicals were of analytical grade.2.2. Animals
Wistar rats bred in our animal house and maintained in an air-
conditioned room (21 °C) with controlled lighting (12 h/12 h light/dark
cycle) were used in this study. The suckling rats were kept with their
mothers until sacriﬁce by cervical dislocation. Pelleted food (Nuvital,
Nuvilab CR1, Curitiba, PR, Brazil) and tap water were available ad libitum.
All the animals were carefully monitored and maintained in accordance
with the ethical recommendations of the Brazilian Veterinary Medicine
Council and the Brazilian College of Animal Experimentation (Protocol
CEUA/PP00418).2.3. Amino acid accumulation measurements
For the amino acid accumulation experiments one gonad (alternate-
ly left and right) of 11-day-old rats was used as the experimental tissue
and the contralateral one was used as the control. The testes were
weighed, decapsulated and pre-incubated in Krebs Ringer bicarbonate
(KRb) buffer (122 mM NaCl; 3 mM KCl; 1.2 mM MgSO4; 1.3 mM
CaCl2; 0.4 mM KH2PO4; 25 mM NaHCO3 and 5 mM glucose) for
30 min in a Dubnoff metabolic incubator at 34 °C, pH 7.4 and gassed
with O2:CO2 (95:5; v/v). T4 (10−9 M), rT3 (10−6 to 10−10 M), tetrac
(10−9 M), RGD (5×10−7 M), colchicine (10−6 M) and DIDS (200 μM)
were added to the pre-incubation and incubationmedia and the concen-
trations used in these assayswere selected based in our previous studies
[11,25] and those of other authors [26]. T4 was dissolved in 0.025 M
NaOH-saline. This solution was further diluted to the ﬁnal concentra-
tions in KRb. The buffer was bubbled with 95% O2–5% CO2 up to pH
7.4. The gonads were then incubated in fresh KRb buffer for 60 min.
[14C] MeAIB (3.7 kBq/mL) was added to each sample during the incuba-
tion period [13]. After incubation the testes were placed in screw cap
tubes containing 1 mL of distilled water. They were frozen at −20 °C
in a freezer and afterwards boiled for 5 min; 25 μL aliquots of tissue
and external medium were placed in scintillation ﬂuid and counted in
a Beckmanbeta liquid scintillation spectrometer (model LS 6500; Fuller-
ton, California, USA) for radioactivity measurements. The results were
expressed as the tissue/medium (T/M) ratio: cpm/mL tissue ﬂuid per
cpm/mL incubation medium [11,13].2.4. 45Ca2+ uptake
One gonad (alternately left and right) from 11-day-old rats was
used as experimental tissue and the contralateral one was used as
the control. The testes were decapsulated and pre-incubated in KRb
buffer for 15 min in a Dubnoff metabolic incubator at 34 °C, pH 7.4
and gassed with O2:CO2 (95:5; v/v). The testes were then transferred
to another series of wells containing fresh KRb with 0.1 μCi/mL 45Ca2+
and left for 60 min. Verapamil (10−4 M), RGD (5×10−7 M) or tetrac
(10−9 M) was added during the last 15 min before the hormone addi-
tion and maintained during the whole incubation period. Finally, T4
was added to these 45Ca2+ solutions and the tissues were incubated
with 10−9 M T4 with/without verapamil, RGD or Tetrac for 60 s
[16].
Extracellular 45Ca2+ from the testis was thoroughly washed off in
127.5 mM NaCl, 4.6 mM KCl, 1.2 mM MgSO4, 10 mM HEPES, 11 mM
glucose, and 10 mM LaCl3, at pH 7.4 (30 min in washing solution).
The presence of La3+ during the washing stage was found to be essen-
tial to prevent release of the intracellular 45Ca2+ [27]. After La3+ tissue
washing, testeswere homogenizedwith 0.5 MNaOH solution; 50 μL al-
iquots of tissuemediumwere placed in scintillation ﬂuid for counting in
a Beckman coulter beta liquid scintillation spectrometer (model LS
6500; Fullerton, California, USA), and 5 μL aliquots were used for total
protein quantiﬁcation by the Lowry method [28]. The results were
expressed as pmol 45Ca2+/μg of protein [16].
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For experiments on 14C-thymidine incorporation into DNA, testes
were incubated in KRb buffer with [methyl-14C] thymidine (1 μCi/mL)
in the absence (control) or presence of T4 (10−9 M) with/without EGTA
(2 mM), BAPTA-AM (5×10−5 M), RGD (5×10−7 M) or T3 (10−6 M)
for 60 min at 34 °C, pH 7.4. At the end of the incubation, cells were rinsed
twice with cold buffer to remove the unincorporated [14C]-thymidine.
Ice-cold trichloroacetic acid (10%) was added and the acid-insoluble ma-
terialwas dissolvedwith 0.5 MNaOH. Radioactivitywasmeasured by liq-
uid scintillation using a LKB rack beta liquid scintillation spectrometer
(model LS 6500; Multi-Porpose Scintillation Counter-Beckman Coulter,
Boston, USA). The protein concentrations were determined by the
Lowry method [28] and the results expressed as cpm/μg of protein [29].Fig. 1. (A) Effect of rT3 and T4 (dose–response curve) on [14C]-MeAIB accumulation in rat
testes. Mean values±S.E.M. For control, rT3 and T4 (10−6, 10−7, 10−8, 10−9, 10−10 M),
n=4 for each group. (B) Inﬂuence of tetrac on stimulatory effect of T4 toward [14C]-MeAIB
accumulation in rat testes. Mean values±S.E.M. For control, n=8; tetrac (10−9 M), n=6;
T4 (10−9 M), n=6. (C) Inﬂuence of RGD peptide on stimulatory effect of T4 toward
[14C]-MeAIB accumulation in rat testes. Mean values±S.E.M. For control, n=8; RGD
(5×10−7 M), n=6; T4 (10−9 M), n=6. ***Pb0.001 compared with control; ## pb0.01
compared with T4 group; && Pb0.01 compared with control group; & pb0.05 compared
with control group. Pre-incubation time: 30 min; incubation time: 60 min.2.6. Primary culture of Sertoli cells and secretory activity
Sertoli cells were obtained from 11-day-old Wistar rats. Rats were
killed by decapitation, testes were removed and decapsulated. Sertoli
cells were obtained by sequential enzymatic digestion as previously de-
scribed by Dorrington et al. [30]. Sertoli cells were seeded at a concentra-
tion of 200 000 cells/cm2 in 24-well Falcon culture plates (Deutscher,
Brummath, France) and cultured for 72 h inHam's F12/DMEM (1:1)me-
dium supplementedwith serum replacement 3 (Sigma Aldrich Chemical
Company, St. Louis, MO, USA), 2.2 g/L sodium bicarbonate, antibiotics
(50,000 IU/L penicillin, 50 mg/L streptomycin, 50 mg/L kanamycin),
and a fungicide (0.25 mg/L amphotericin B) (Sigma Aldrich Chemical
Company, St. Louis, MO, USA) in a humidiﬁed atmosphere of 5%
CO2:95% air at 34 °C. Three days after plating, residual germcellswere re-
moved by a brief hypotonic treatment using 20 mM Tris–HCl (pH 7.2)
[31]. Cells were washed with PBS (PAN, Dutscher, Brumath, France)
and fresh Ham's F12/DMEM (1:1) medium was added. On day 5 after
plating the cells were washed in Hank's Buffered Salt Solution (HBSS)
(136.9 mM NaCl, 16.7 mM NaHCO3, 1.3 mM CaCl2, 5.4 mM KCl,
0.65 mM MgSO4, 0.27 mM Na2HPO4, 0.44 mM KH2PO4, 6.1 mM glu-
cose). The medium was then replaced with fresh HBSS containing 3 μM
quinacrine and cells were incubated for 30 min at 34 °C. The time-
course of T4 (10−9 M) was monitored at 1, 2, 3, 4, 5, 6, 7, 8, 9 and
10 min based in a previous similar approach by our group [25]. When
RGD and tetrac were used, Sertoli cells were treated for 10 min with
the drugs prior to incubation with quinacrine.
2.7. Exocytosis imaging in primary culture of Sertoli cell
Microscopy imaging was performed on quinacrine-loaded live
Sertoli cells as previously described by Menegaz et al. [25]. Quinacrine
accumulates in acid vesicles and can reversible react with RNA, DNA,
and nucleotide adenine, and when exposed to UV light a green ﬂuores-
cence is emitted. Brieﬂy, cells were washed with HBSS and loaded withFig. 2. (A) Effect of colchicine on stimulatory action of T4 on [14C]-MeAIB accumulation in rat
testes.Mean values±S.E.M. For control, n=4; colchicine (10−6 M), n=5; T4 (10−9 M), n=
5. (B) Effect of DIDS on stimulatory action of T4 on [14C]-MeAIB accumulation in rat testes.
Mean values±S.E.M. for control, DIDS (200 μM), T4 (10−9 M), n=4 for each group.
***Pb0.001 compared with control; ** pb0.01 compared with control; ### pb0.001 com-
pared with T4 group; ## pb0.01 compared with T4 group. Pre-incubation time: 30 min; in-
cubation time: 60 min.
Fig. 3. Fluorescence images obtained from Sertoli cells stainedwith quinacrine. Quinacrine stains individual secretory vesicles in the cell cytoplasm. Sertoli cells in culturewere incubatedwith
3 μMquinacrine for 30 min, washed and photographed under ﬂuorescence illumination immediately (A and C) and then at 1 min intervals for 10 min during incubation either in the absence
or presence of T4, (B andD, respectively). Incubationof cellswith10−9 M T4 caused fusion of quinacrine-loadedvesicles to theplasmamembrane and release of theﬂuorescent content into the
surroundingmedium, as seen by the loss of ﬂuorescence frommost vesicles located on the cell periphery. This effect was observed after a 4 min incubation periodwith T4. (A) Control, 0 min.
(B) Control, 4 min. (C) T4, 0 min. (D) T4, 4 min. Experiments were performed 4 times with similar results. Bar=10 μm.
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were viewed under an Olympus BX41ﬂuorescence microscope using a
FITC ﬁlter. Exocytosis was identiﬁed as the rapid loss of quinacrine ﬂuo-
rescence when released into themedium, indicating fusion of secretory
vesicles with the plasma membrane with/without the hormone stimu-
lus. Images were obtained with a QColor 3C digital camera (Q-imaging)
at a scanning rate of 1 image/60 s and processedwith Q-capture Pro 5.1
software program (Q-imaging).
2.8. Statistical analysis
The results are reported as mean values±S.E.M. When multiple
comparisons were performed, evaluation was carried out using one-
way ANOVA followed by the Bonferroni multiple comparison correc-
tion. Differences were considered to be signiﬁcant when pb0.05.
3. Results
In order to followup the studies on the rapid responses to T4 in imma-
ture rat testis, a very well characterized neutral amino acid transport sys-
tem in the testis was used. The analogue α-(methyl-amino) isobutyric
acid ([14C]-MeAIB), since there is no tRNA inside the cells, accumulates
in the cytosol and appropriately reﬂects the transport through the plasma
membrane. Experimentswere carriedout to compare the effect of rT3 and
T4 on amino acid ([14C]-MeAIB) accumulation in immature rat testes.
Fig. 1A demonstrates the dose–response curve of rT3 at doses rangingfrom 10−10 to 10−6 M. The addition of 10−9 M of rT3 elicited a stimula-
tory effect on amino acid accumulation of around 136% compared with
the control group. In percentage terms, 10−9 M rT3 exhibited ahigher po-
tency than T4 (76% of stimulation) in terms of amino acid accumulation.
No effect was observed at 10−10, 10−8, 10−7 and 10−6 M for rT3 under
these experimental conditions, when compared to the control group.
Fig. 1B shows that the stimulatory effect of T4 (10−9 M) on amino
acid accumulation (most potent dose of T4 chosen from our previous
study reported by Menegaz et al. [11]) was totally blocked by tetrac
(10−9 M), a thyroid hormone analogue that inhibits T4 binding to the
cell surface. In addition, no effect of tetrac per se was observed on the
basal amino acid accumulation.
In further studies, the amino acid accumulation in the presence of
5×10−7 M RGD (a peptide that inhibits thyroid hormone binding to
integrins), separately or together with 10−9 M of T4, was examined. As
expected, T4 stimulated amino acid accumulation signiﬁcantly while
the RGD peptide did not affect the basal amino acid transport. In con-
trast, RGD was able to prevent the stimulatory effect of T4 (Fig. 1C).
We have previously demonstrated that the tubulin network integrity
is crucial for amino acid accumulation in immature rat testis [32]. We
subsequently showed that phosphorylation of vimentin is modulated
by a short-term effect of TH through Ca2+-dependent pathways leading
to cytoskeleton reorganization [14]. Recently, we reported the involve-
ment of chloride channels in exocytosis in TM4 cells [25]. In this context,
we analyzed two different events, cytoskeleton integrity and chloride
channel (ClC-3) activity, in relation to amino acid accumulation. Fig. 2A
Fig. 4. (A) Inﬂuence of voltage-dependent calcium channels on stimulatory effect of T4 in
45Ca2+ uptake in immature rat testes. Pre-incubation: 15 min in KRb; additional pre-
incubation: 60 min with 0.1 μCi/mL of 45Ca2+; and incubation: 60 s with 0.1 μCi/mL of
45Ca2+ in the presence or absence of verapamil (10−4 M) with/without T4 (10−9 M).
Mean values±S.E.M. n=4 for all groups. (B) Inﬂuence of RGD peptide and tetrac on stimu-
latory effect of T4 toward 45Ca2+uptake in immature rat testes.Meanvalues±S.E.M. For con-
trol and T4 (10−9 M), n=4 for each group; RGD (5×10−7 M), n=5; Tetrac (10−9 M), n=
5. ***Pb0.001 compared with control group; ** pb0.01 compared with control group; ##
pb0.01 compared with T4 group; # pb0.05 compared with T4 group. && pb0.01 compared
with RGD group.
Fig. 6. Inﬂuence of tetrac on quinacrine staining of Sertoli cells in culture. Sertoli cells
were incubated for 10 min with 10−9 M of tetrac prior to incubation with quinacrine,
washed and incubated with 3 μM quinacrine for 30 min. Quinacrine-loaded Sertoli
cell cultures, pre-treated with tetrac for 10 min, were incubated in the absence or presence
of 10−9 M T4 and photographed under ﬂuorescence illumination immediately (A and C) or
at 1 min intervals for 4 min of incubation in the absence or presence of T4, (B andD, respec-
tively). (A) Tetrac, 0 min. (B) Tetrac, 4 min. (C) Tetrac+T4, 0 min. (D) Tetrac+T4, 4 min.
Experiments were performed 4 times with similar results. Bar=10 μm.
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fective in blocking the stimulatory effect of T4 toward amino acid accu-
mulation. Based on this ﬁnding, we investigated the inﬂuence of DIDS,
a speciﬁc blocker of voltage-dependent Cl− channels, on the stimulatory
effect of T4 toward amino acid accumulation (Fig. 2B). This agent alsoFig. 5. Inﬂuence of RGDpeptide onquinacrine staining of Sertoli cells in culture. Sertoli cellswere in
and incubated with 3 μM quinacrine for 30 min. Quinacrine-loaded Sertoli cell cultures, pre-tre
photographed under ﬂuorescence illumination immediately (A and C) and at 1 min intervals for
0 min. (B) RGD, 4 min. (C) RGD+T4, 0 min. (D) RGD+T4, 4 min. Experiments were performed 4was able to disturb the stimulatory effect of T4 suggesting that the action
of T4 at plasmamembrane involves chloride channels and can result in a
rapid secretory activity of Sertoli cells.
In order to investigate the effect of T4 on secretory activity, rat Sertoli
cells were stained with 3 μM quinacrine for 30 min. After washing, cellscubated for 10 minwith 500nMof RGDpeptide prior to incubationwith quinacrine,washed
ated with RGD for 10 min, were incubated in the absence or presence of 10−9 M T4 and
4 min during incubation in the absence or presence of T4, (B and D, respectively). (A) RGD,
times with similar results. Bar=10 μm.
Fig. 7. (A) Inﬂuence of EGTA on stimulatory effect of T4 toward thymidine incorporation into
DNA in immature rat testes. Mean values±S.E.M. For control, T4 (10−9 M), EGTA (2 mM)
and T3 (10−6 M), n=4 for each group. (B) Effect of BAPTA-AMon stimulatory effect of T4 to-
ward thymidine incorporation intoDNA in immature rat testes.Meanvalues±S.E.M. for con-
trol, T4 (10−9 M), BAPTA-AM (50 μM), n=4 for each group. (C) Effect of RGD peptide on
stimulatory effect of T4 toward thymidine incorporation into DNA in immature rat testes.
Mean values±S.E.M. for control, RGD (5×10−7 M), T4 (10−9 M), n=5 for each group.
**Pb0.01 compared with control group; * pb0.05 compared with control group. ##pb0.01
compared with T4 group; # pb0.05 compared with T4 group. Pre-incubation time: 30 min;
incubation time: 60 min.
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rescence illumination. The control group was incubated without hor-
mone for the same period as the treated group. Fig. 3A and B represents
the basal quinacrine exocytosis from 0 to 4 min in an individual and rep-
resentative Sertoli cell. Abundant ﬂuorescent granules, distributed over
the cell cytoplasm, were observed at 0 min and remained after 4 min in
the control group. However, in T4-treated Sertoli cells no quinacrine ﬂuo-
rescence was detected after 4 min (Fig. 3C and D).
We have previously shown that T4 increases 45Ca2+ uptake immedi-
ately after 60 s of hormone exposure and that the voltage-dependent
Ca2+ channels andATP-dependent K+ channelsmediate the stimulatory
effect of T4 toward amino acid accumulation in immature rat testis [16].
Based on previous ﬁndings in studies on immature rat testis we selected
the optimal concentration of verapamil, EGTA and BAPTA-AM used in
similar approaches [11,32]. In order to verify the type of Ca2+ channel in-
volved in the stimulatory effect of T4, verapamil, an L-type voltage-
dependent Ca2+ channel (L-VDCC) blocker, was used. Fig. 4A shows
that the stimulatory effect of T4 was partially inhibited by verapamil,
suggesting that the majority of extracellular Ca2+ uptake stimulated byT4 is mediated by these channels. In addition, in the presence of the
RGD peptide the effect of T4 on calcium uptake remained unchanged.
On the other hand tetrac, a T4 analog that competes for the same plasma
membrane binding site, totally prevented the hormonal action (Fig. 4B).
Since the results pointed to rapid and membrane-associated T4 ac-
tions, we investigated the participation of αvβ3 integrin in the mecha-
nism of action of T4 in Sertoli cell secretion. The ﬁndings demonstrated
that the RGD peptide did not produce alterations in cellular secretion
when compared with control cells (Fig. 5A and B), and also RGD did
not prevent the exocytosis induced by T4 (Fig. 5C and D). Furthermore,
neither the basal nor T4-induced quinacrine exocytosis was affected by
tetrac (Fig. 6A,B,C and D).
To examine the role of Ca2+ in T4-induced activation in thymidine
incorporation into DNA, ﬁrstly, testes were incubated for 60 s with
45Ca2+ with/without the L-VDCC blocker verapamil. Further studies
were carried out on T4 (10−9 M) and T3 (10−6 M) with 14C-thymidine
applying 60 min of incubation in the presence or absence of 2 mM
EGTA (Ca
2+
chelator). EGTA alone did not alter thymidine incorporation
into DNA. Fig. 7A shows a signiﬁcant increase in thymidine incorpora-
tion into DNA in the presence of T4 which was totally inhibited when
extracellular Ca2+ was chelated by EGTA. Considering that TH nuclear
receptors are widely recognized as modulators of gene expression and
protein synthesis, and also that deiodinases are present in rat testis,
the effect of T3, one of the products of T4 deiodination, was also investi-
gated in this approach. As expected, T3 was able to increase thymidine
incorporation into DNA after 60 min of incubation to a level similar to
that observed for T4 in a physiological concentration.
Since our results indicated the role of Ca2+-dependent pathways in
the thymidine incorporation into DNA regulated by T4, we also exam-
ined intracellular Ca2+ involvement. To prevent the increase in cytosol-
ic Ca2+, BAPTA-AM was used at 50 μM. When the intracellular Ca2+
was chelated, no change in basal DNA activity was observed, however,
the stimulatory effect of T4 (10−9 M) on thymidine incorporation into
DNA was nulliﬁed (Fig. 7B). This suggests that there is also an intracel-
lular Ca2+-dependent pathway involved in the hormonal action and
clearly demonstrates that Ca2+ is essential for T4 stimulation of DNA ac-
tivity in the testis. Also, the role of plasma membrane integrin αvβ3 in
the T4 activation of thymidine incorporation into DNA in rat testis was
examinedby 5×10−7 MRGDpeptide incubated for 60 minwith/without
the presence of T4. The increased incorporation of thymidine into DNA in
the presence of T4 was not inﬂuenced by pre-incubation and incubation
with RGD. Thymidine incorporation was unaffected under basal condi-
tions even in the presence of RGD (Fig. 7C). These observations are con-
sistentwith the presence of a binding site for T4 in the plasmamembrane
mediating rapid responses in immature rat testes that do not necessarily
culminate in classical nuclear activity of TH.
4. Discussion
We have previously demonstrated that besides the “classical” geno-
mic effects of TH, T4 acts on the plasmamembrane andmodulates signal
transduction via rapid responses in immature rat testis and Sertoli cells
[11,16]. The “A” system of amino acid transport is exclusively a plasma
membrane event and is regulated by FSH, retinol, 1,25(OH)2 vitamin
D3 and also by TH [10,33,34]. The effect of T4 on the plasma membrane
was characterized by the measurement of a speciﬁc and non-metabolic
N-methylaminoisobutyric acid accumulation in the cells [13,35]. Al-
though a collection of effects reported for T4 and/or T3 start at the plasma
membrane level and culminate in rapid responses, there is no clear un-
derstanding regarding the direct physical interaction of TH at a speciﬁc
site in the plasma membrane of testicular cells [36]. We demonstrated
that a deaminated T4 derivative (tetrac) which inhibits binding and the
action of T4 at the integrin receptor, blocks the stimulatory effect of T4
in amino acid accumulation. As far as we know, this is the ﬁrst demon-
stration of a compound able to displace and block a known plasma
membrane event (amino acid transport system) stimulated by T4 in rat
Fig. 8. Schematic representation of signaling pathways mediating rapid and plasma membrane initiated T4 responses in immature rat testis. T4 binds to the αvβ3 integrin (1) and stimulates
chloride channel (ClC-3) opening (2) “hyperpolarizing” the cells (3). This hyperpolarization could induce the opening of L-type voltage dependent calcium channels (VDCCs), calcium inﬂux
(4) and “depolarization” (5) with consequent sodium inﬂux and amino acid accumulation (6). In addition, the increased intracellular calcium levels enhance nuclear activity (7) resulting in
biological effects. Also, T4 could bind to another kind of receptor and modulate cytoskeletal triggering the fusion of secretory vesicles with the plasma membrane and leading to release of
secretion products (8). Other ways that could lead to exocytosis in Sertoli cells are the chloride (9) and calcium (10) ionic ﬂux.
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tetrac was also able to inhibit the nongenomic effect of T4 [24,37]. Con-
sidered in combination, the data obtained from the experiments are
therefore able to probe the involvement of integrin, as a receptor, in
this nongenomic effect of T4 in the testis.
Previously, we have demonstrated that the nongenomic effect of T4
on amino acid accumulation in Sertoli cells occurs through an individual
mechanism and T4 is 103 times more potent than T3 [11]. Surprisingly,
rT3 produced a signiﬁcant stimulatory effect on amino acid accumula-
tion and was almost twice as potent as T4. Interestingly, other research
groups have reported the effect of rT3 on actin polymerization [38], as
well as a neuronal migration and neurite outgrowth regulated by both
T4 and rT3 through a nongenomic mechanism [39].
Themembers of a large family of integrins are cell adhesion receptors
and properly anchor cells to extracellular matrix locations, also mediat-
ing signal transduction in the cell [40]. The tripeptide RGD(Arg-Gly-Asp),
the ﬁrst recognition site to be described, is a ligand for mostαv integrins,
including, αvβ3 [41,42]. A cell surface receptor for TH, αvβ3 integrin was
ﬁrst described by Bergh et al. [24]. In order to analyze the role of integrin
as a receptor in the mediation of the stimulatory effect of T4 toward
amino acid accumulation, we used the RGD peptide. As can be observed,
this peptide blocked by 75% the stimulatory action of T4 toward amino
acid accumulation. Taking into account the inﬂuence of tetrac and RGD
on this membrane-initiated action of T4, it can be inferred that integrin,
probably αvβ3, mediates T4-triggered amino acid accumulation in the
testis.
In order to clarify whether the T4-induced amino acid stimulation ef-
fect leads to cellular secretion, experiments on cytoskeleton movement
and ion channel involvement in secretion were carried out. In this con-
text, colchicine, a microtubules disruptor, and DIDS, a stilbene derivativewhich blocks ClC-3 outwardly rectifying chloride channels [43,44], were
used in termsof their inﬂuence on intracellular substances or vesicle traf-
ﬁc in the testis. As can be observed, both compoundswere able to nullify
completely the stimulatory action of T4 on amino acid accumulation.
These results are in line with those reported for the follicle-stimulating
hormone in relation to amino acid uptake in the presence of colchicine
[32] and the more recently described effect of 1,25 (OH)2 vitamin D3 in
increasing exocytosis in the TM4 Sertoli cell line through ClC-3 activity
[25]. The involvement of chloride channels in the exocytosis event has
been reported for a variety of endocrine tissues [25,45,46]. In addition,
it has been reported that the hormonal regulation of the secretion of
Cl− and K+-rich ﬂuid by Sertoli cells is important in male reproductive
processes. This involves multiple signaling pathways including a variety
of secondmessengers and themodulation of ion channel activity [47,48].
Rapid responses to T4 in Sertoli cells were ﬁrstly demonstrated
through the blockage of hyperpolarization induced by apamin, a specif-
ic blocker of Ca2+-dependent K+ channels [11]. Based on these ﬁndings
and also recent data reported for T4-induced 45Ca2+ inﬂux [16], in this
studywe demonstrated that VDCCsmediate themajority of Ca2+ inﬂux
stimulated by T4 in immature rat testis. These results reinforce indica-
tions that extracellular Ca2+ participates in T4 pathways, as recently
clariﬁed by Zamoner et al. [36]. Other recent studies have identiﬁed
TH binding sites in the membrane [24] that mediate several of the
rapid effects of the hormones, including themodulation of ion channels
such as Na+ and K+ [49]. Based on these reports, we examined the pos-
sible involvement of theαvβ3 integrin receptor in the T4-induced calci-
um inﬂux in testis. Our ﬁndings indicated that this short-term action of
T4 resulting in an increase in the intracellular calcium concentration is
not mediated by αvβ3 integrin since the RGD peptide did not prevent
the T4 stimulatory effect. However, the results observed with tetrac
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through the hormone binding with another element in the plasma
membrane.
It is well-known that extracellular Ca2+ is a ubiquitous link able to
connect external information to a speciﬁc site of action in the plasma
membrane and spread it via efﬁcient, potent and rapid signal transduc-
tion to regulate cytoskeletonorganization, protein trafﬁc, enzyme activity,
nucleus activation and a variety of cellular responses. Thus, further studies
were carried out in order to understandwhether extracellular Ca2+ is re-
sponsible for a T4-inititated plasma membrane effect that culminates in
DNA activation through intracellular cross-talk or if it can generate rapid
responses such as cell secretion independently of DNA transcription.
Based on our resultswe suggest that T4-induced exocytose is coupled
to an event which is initiated in the plasma membrane and is indepen-
dent ofαvβ3 integrin, that is, an event similar to that observed in calcium
uptake.
T4 and T3 nuclear receptors are widely considered as sites involved in
the modulation of gene expression and protein synthesis [50–52]. Con-
sidering the effectiveness of both iodothyronines on the stimulation of
amino acid accumulation [11], T3 and T4 was also investigated on thymi-
dine incorporation into DNA. Besides the well known effect of T4 on
14C-thymidine incorporation into DNA in immature rat testis, it was
demonstrated that extracellular and intracellular Ca2+ is essential to
achieving the full stimulatory effect of T4 on thymidine incorporation
since both EGTA and BAPTA-AM were able to block the hormone effect.
In contrast, even in thepresence of RGD, a peptide that blocks the binding
of T4 to integrin, T4 was able to stimulate, at the same level, the incorpo-
ration of thymidine into DNA. Considering these ﬁndings in combination
with the results shown in Fig. 3, they are in linewith those of several pre-
vious studies which demonstrated links between the rapid responses
mediated by plasmamembrane effectors and alterations in nuclear activ-
ity [53–55]. However, it is clear that the plasmamembrane effect of T4 on
amino acid accumulation and the rapid stimulatory effect of this hor-
mone on 45Ca2+ uptake occur independently of its stimulatory action
on DNA activation. In addition, from our point of view, the effect of T4
triggered by plasma membrane integrin seems to coordinate a rapid re-
sponse not necessarily connected to nuclear activity.
In summary, the results reported herein demonstrate for the ﬁrst
time that the effect of T4, initiated at plasma membrane by integrin in-
teraction, leads to increased amino acid accumulation but is not in-
volved in nuclear activity and exocytosis stimulation in immature rat
Sertoli cells. The integrin receptor activation by T4 may take a role in
plasmamembrane initiated processes, such as ionic ﬂuxes. Themodula-
tion of calcium inﬂux into Sertoli cells by the hormonemight participate
in the regulation of a plethora of intracellular processes, such as nutrient
and growth factors secretion, protein synthesis as well as cell prolifera-
tion, reinforcing T4 as a hormone that could be involved inmaintenance
of spermatogenesis and male fertility. An overview of the proposed
mechanism of action of T4 in the testis of young rats is depicted in Fig. 8.
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